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Abstract
The use of dielectric barrier discharge (DBD) plasmas  has become a practical way to carry out 
surface treatment and one seeks to do it in a more efficient way, which requires to have control of 
the plasma parameters like rotational and vibrational temperatures (Trot and Tvib). Since the Tvib of an 
atmospheric  pressure  plasma  jet  is  an  important  parameter  related  to  improvement  of  surface 
treatments, in this work it was analyzed two methods to increase the  values of  Tvib in the DBD 
plasma. One of the methods is to reduce the exit size of the DBD reactor, and the other is to change 
the  gas  flow  rate. Explanations  for  the  reasons  that  lead  to  the  increment  of  the  vibrational 
temperature are proposed in both cases.
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Introduction
Cold  plasmas  produced  at  atmospheric  pressure  and  in  open  environments  have  received 
considerable attention in recent years due to their versatility, easiness of operation and low cost 
compared to plasmas produced in vacuum environment  [Moon2004,Lu2014]. These plasmas are 
characterized by low temperature that is especially important for the modification and/or activation 
of  surfaces  of  soft  materials  like  polymers  or  biological  tissues,  without  damaging  them 
[Masoud2005,Rajasekaran2012,Bashir2014,Machida2015].  A  plasma  generated  using  dielectric 
barrier  discharge (DBD) is  one kind of atmospheric  pressure plasma in which the discharge is 
produced between two electrodes with at least one of them covered with a dielectric material (glass 
or ceramic in most cases) [Kogelschatz1997,Corke2010].
Most DBD devices that operate at atmospheric pressure and in open environments can use 
many different  gases  as  the  working gas  [Nascimento2016,  Masoud2005,  Yuji2007,Keller2012, 
Muller2013].  Depending on the working gas,  the resulting plasma presents different  values  for 
parameters like vibrational and rotational temperatures, electron density, delivered power, and so on 
[Bibinov2001, Masoud2005, Faure1998, Moon2004, Yuji2007, Walsh2010], and the variation of 
these plasma parameters can affect surface treatment processes. We can also change the plasma 
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parameters for a given working gas if the operation conditions are changed, like varying the gas 
flow rate, the gas pressure, and/or the voltage applied on the electrodes.
The variation of plasma rotational and vibrational temperatures with operation parameters 
like gas flow rate and gas pressure were subject of study by some authors [Masoud2005, Yuji2007, 
Moon2002, Wang2007], but  in none of these studies a theoretical model was proposed to explain 
the results.  Yuji  et al [Yuji2007] showed that the values of WCA in poly(ethylene terephthalate) 
(PET)  decrease  when  surface  treatments  using  plasmas  with  higher  rotational  temperature  are 
performed, but that study did not take in to account the effects of Tvib values, which has been shown 
to  be  an  important  plasma  parameter  on  the  improvement  of  surface  treatment  processes 
[Nascimento2017].
In this work we analyze two ways to increase or reduce the vibrational temperature of the 
DBD plasma. One is by reducing the exit size of the DBD reactor, or, in other words, putting a 
smaller amount of the plasma inside the reactor in contact with the surrounding air. And the other is  
changing the gas flow rate used to produce the plasma. In the first case we verified that the larger 
the exit size, the lower the vibrational temperature. But in the last case the behavior of vibrational 
temperature as a function of gas flow rate depends on the working gas used to produce the plasma. 
We  also  propose  explanations  for  the  reasons  that  lead  to  the  increment  or  reduction  of  the 
vibrational temperature in both cases. 
Theoretical background
 - Vibrational excitation
In DBD plasmas there are some processes that can change the number density of N2 molecules in 
vibrationally excited states, increasing the vibrational energy of the gas: collisions with electrons, 
collisions  with  metastable  atoms  and  ions,  energy  transfer  by  collisions  between  vibrationally 
excited molecules, and conversion of vibrational energy into translational and/or rotational motion 
of the molecules [Märk1971,Lindinger1981,Plain1984,Piper1987, Brandenburg2005, Peñano2012]. 
In Fig. 1 we can see that metastable helium He(2 ³S) and argon ion Ar+(3P3/2) have enough 
energy to ionize N2 molecules to states N2+(A 2Πu and B 2Σu+) for He, and N2+(X 2Σg+) for Ar+. The 
N2+ ions and argon metastable states Ar(3P2 and ³P0) can collide with N2 and produce excited states 
N2(C 3Πu and B 3Πg) and metastable states N2(A 3Σu+ and a' 1Σu-). Collisions between two metastable 
N2 and between a N2+ with a ground state N2(X 1Σg+) can also produce excited N2 (N2*) molecules. 
Table  1  summarizes  the  most  important  of  the  possible  reactions  that  can  produce  excited  N2 
molecules and their rate coefficients at room temperature. In Table 1, penning ionization of N2 by 
argon metastable (ArM) and by N2(A 3Σu+) are neglected because the energies of ArM and N2(A 3Σu+) 
are considerably lower than the ionization energy of N2, as can be seem in Fig.1. Penning ionization 
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due  to  collisions  between  metastables  N2(A  3Σu+)  and  N2(a'  1Σu-) are  neglected  because  its 
contribution is very small when compared with other processes that can occur with these metastable 
[Guerra2003]. Penning excitation of N2 by helium metastable (HeM) can also be neglected because 
the energy of HeM is considerably higher than the energy of the N2(C 3Πu) state. The reaction e + N2 
→ 2e + N2+ is neglected because its cross section is very small for the electron energies that can be 
found in a DBD plasma [Märk1975].
Neutral N2 molecules are vibrationally excited by electron impact at a rate of 4×10 -9 cm3 s-1, 
for  an  electron  temperature  of  1  eV [Fridman2008]. Additionally,  an  electronically  excited  N2 
molecule (N2*), produced by any of the reactions shown in Table 1, lies on a vibrationally excited 
state v', since metastables, ions, and excited molecules are able to perform vibrational excitation on 
the N2 molecules [Tozeau1978,Belikov1997]. 
Observing  the  data  in  Table  1,  we  notice  that  reaction  number  10  is  one  of  the  most 
important source of N2* because it has the highest reaction coefficient related to N2* production in 
plasmas at room temperature, and, since it depends on reactions 6 or 9, we see that there are two 
ways to produce a plasma with a high vibrational energy in an open environment. One is using a 
working gas that is able to produce a large amount of N2+ ions. Comparing the energy levels of N2+ 
ions with those of He(2 ³S) and Ar+(3P3/2) (see Fig. 1), we can infer that the helium gas is the best 
choice in order to produce a plasma with a high degree of vibrational excitation. The other way is to 
use a working gas that is able to produce a large amount of N2M metastables, which can be done 
using pure nitrogen or argon as working gases, as suggested by the energy level diagram shown in 
Fig. 1. 
Table 1: Most important of the possible reactions that can produce excited N2 molecules 
and their rate coefficients at room temperature.
Number Reaction a Rate coefficient Reference
1 ArM + N2 → Ar + N2* 2.9×10-11 (cm3 s-1) Dyatko2010
2 Ar+ + N2 → Ar + N2+ 0.1-6.6×10-11 (cm3 s-1) Lindinger1981
3 HeM + N2 → He + (N2+*, N2+) 0.63-1×10-10 (cm3 s-1) Märk1971
4 N2* + N2 → N2 + N2* 1.9×10-13 (cm3 s-1) Piper1987
5 N2M + N2M → N2* + N2 1.5-2.6×10-10 (cm3 s-1) Bibinov2001b,Hays1973
6 N2M + N2M → N4+ + e 1-5×10-11 (cm3 s-1) Guerra1997
7 N2+* + N2 → products 3.7-8.2×10-10 (cm3 s-1) Plain1984,Bibinov2001,Anicich1993
8 e + N2 → e + N2* 3.4×10-10 (cm3 s-1) Brandenburg2005
9 N2+ + N2 + N2 → N4+ + N2 6.8×10-29 (cm6 s-1) Peñano2012
10 N4+ + e → N2* + N2 3.2×10-7 (cm3 s-1) b Peñano2012
a M = metastable state; * = electronically excited; + = ionized.
b for an electron temperature of 1 eV.
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Figure 1:  Energy level diagram for molecular nitrogen, 
with references  to  the energies  of  He(2 ³S),  Ar(3P2,³P0), 
and Ar+(3P3/2) states (figure adapted from [Ono2009])
 - Vibrational temperature
The total energy E of an excited N2 molecule is
E=Ee+E trans+Evib+Erot (1)
where Ee is the electron energy, Etrans is the translational energy, Evib is the vibrational energy, and 
Erot is the rotational energy.
Assuming a Boltzmann distribution for the number density of molecules in a rotational-
vibrational excited state Nv'J', we can write [Zheng-De2002,Wang2009]:
N v ' J '=N0α(v ' , J ' )exp(−Ev ' /kB T vib)exp(−E J ' /k BT rot) (2)
where N0 is the number density of N2 molecules that are not excited (neutral), α(v',J') is a constant 
of the state v'-J',  Ev' is the energy of the vibrational state v', EJ' is the energy of the rotational state J', 
kB is  the  Boltzmann constant,  and Tvib and  Trot are  the  vibrational  and rotational  temperatures, 
respectively. For non-equilibrium plasmas the rotational temperature is known to be approximately 
equal to the gas temperature (Trot  ≈ Tgas) [Motret2000,Moon2003,Bruggeman2014].
The N2 molecules that enters the plasma have a partial pressure P0 and are subjected to the 
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gas temperature in the plasma. When working on atmospheric pressure and in an open environment 
we can assume that the N2 gas is an ideal one,  which allows us to use the ideal gas equation, 
P0=N0 k B T gas ,  together  with  the  approximation  Tgas  ≈  Trot in  order  to  write  the  vibrational 
temperature in terms of P0, Nv'J', and Trot after substitute all this in Eq. (2) resulting in:
T vib=
Ev '
k B [ ln(P0α(v ' , J ' )N v' J ' k BT rot )− EJ 'kB T rot ]
−1
(3)
From Eq. (3) we can see that Tvib decreases if P0 is increased, and increases if Nv'J' and/or Trot 
are increased. If P0 is increased, the mean free path for collisions between N2 molecules in the 
plasma becomes smaller, which reduces the vibrational energy transferred in each collision, and 
then Tvib is reduced. When neutral N2 molecules enter the plasma they start to collide with energetic 
electrons and excited N2 molecules, resulting in a larger number of vibrationally excited molecules 
and, consequently,  in a higher Tvib.  The gas temperature acts  giving more kinetic energy to the 
molecules in the plasma, then the higher Tgas, the higher Tvib.
Experimental procedure
The experimental setup used to measure both Tvib and Trot of DBD plasmas are shown in Fig. 2. The 
basic functioning of the device is as follows: a continuous gas flow is injected inside the poly(vinyl  
chloride) (PVC) tube and high-voltage pulses are applied to the electrode inside the glass tube. A 
primary  plasma  discharge  is  formed  in  the  region  between  the  glass  tube  and  the  PVC tube 
producing a plasma jet leaving the tube exit.
The pulsed voltage applied to the electrode had peak values of 15 kV when Ar and He gases 
were used and 30 kV when the N2 gas was used. The frequency of plasma pulses was 60 Hz in all 
cases. The distance d between the end of the PVC tube and the surface of the dielectric plate was 
kept constant and equals to 5 mm in all experiments performed in this work.
In order to obtain the temperatures as a function of the diameter ø of the PVC tube exit, the  
changeable part of the device (dashed part in Fig. 2) is replaced by another one with a different exit  
diameter.
Both Tvib and  Trot were  determined  using  the  SpecAir  software  [refSpecAir]  and 
measurements of spectral emissions were performed using an Andor 303i spectrometer equipped 
with an iStar DH720 iCCD detector and a 1200 lines/mm grating.  The light emitted by the plasmas 
was  collected  with  a  lens  and  transported  to  the  spectrometer  through  an  optical  fiber.  The 
vibrational temperature of N2 molecules was determined comparing a simulated spectrum that best 
fits the experimental one. In order to obtain rotational and vibrational temperatures of N2 molecules, 
we use emission lines from the second positive system, C 3Πu, v' → B 3Πg, v'', where C 3Πu and B 
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3Πg denote electron configuration, and v' and v'' denote the vibrational state. Each vibrational band 
comes from a transition of different vibrational state (v' → v'').
Figure  2: DBD  scheme  used  for 
temperature  measurements  and  for 
plasma treatment of PDMS samples. Φe 
and  Φi  refer  to  external  and  internal 
diameters, respectively. The elements are 
out of scale.
Results and discussion
In Figure 3(a) are shown curves of the variation of  Tvib as a function of the diameter of the PVC 
tube exit obtained for plasmas produced using Ar, He and N2 as the working gases and Fig. 3(b) 
shows the respective curves obtained for Trot.
As we can see in Fig. 3(a), the Tvib values for Ar and He plasmas decrease if the diameter of 
the PVC tube exit (ø) is increased. The larger variation occurs for the He plasma. The Tvib values for 
N2 plasma does not change significantly when ø is increased. From Fig. 3(b) we can see that the Trot 
values does not change significantly with the size of the PVC opening when He and N 2 gases are 
used, but tends to decrease when Ar is used.
When ø is increased the gas pressure inside the PVC tube is reduced and the surrounding air 
tends to have more contact with the primary plasma inside the PVC tube. Then we have an increase 
in the amount of N2 molecules, that come from the air, in the plasma, which increases the number 
density of molecules in all vibrationally excited states and results in an increment in the vibrational 
temperature when Ar and He are used to generate plasmas, which is in agreement with theory. The 
reduction of the pressure of Ar and He gases inside the PVC tube allows an increase in the partial 
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pressure of N2 molecules coming from air, and it also contributes with the reduction of the Tvib 
values.
When the N2 gas is used, the reduction in the gas pressure inside the PVC tube due to the 
increase  on  the  size  of  the  exit  opening  is  accompanied  by  a  reduction  of  the  number  of  N2 
molecules that are compressed in the PVC tube, which results in a lower number of molecules in 
higher vibrational states, and then the Tvib values do not change significantly.
In  another  experiment  with  an  atmospheric  pressure  plasma  jet,  Yuji  et  al [Yuji2007] 
increased the amount of nitrogen gas in the plasma increasing the N2 gas flow rate in an Ar/N2 gas 
mixture, keeping the Ar flow rate constant. As a result, they obtained a curve which showed that the 
Tvib values increases as the N2 gas flow rate increases. Once the neutral molecules enter the plasma 
they  become excited  and  Tvib is  increased, and  this  confirms  the  dependence  of  Tvib with  Nv'J' 
predicted by Eq. (3).
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Figure 3: Vibrational (a) and rotational (b) temperatures in function of the diameter of the PVC tube exit using a gas  
flow rate of 4 L/min.
Figure 4(a) shows curves of the variation of Tvib as a function of the gas flow rate obtained 
for plasmas generated using Ar, He and N2 as working gases and Fig. 4(b) shows the respective 
curves obtained for Trot.
From Fig. 4(a) we can see that the Tvib values for He and N2 plasmas decrease if the gas flow 
rate is increased but those for Ar plasma do the opposite. In Fig. 4(b) we can see that the increment 
of the gas flow rate does not affect significantly the Trot values for He and N2 plasmas but results in 
increment of this parameter in the case when Ar is used.
There is a different explanation for the behavior of  Tvib in relation to the gas flow rate for 
each gas used. For the cases of operation with Ar and He gases, if the gas flow rate is increased, the 
total gas pressure inside the PVC tube increases, but the partial pressure of N2 molecules decreases, 
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and the number of N2 molecules is reduced, reducing also the number of N2 molecules vibrationally 
excited.  For  the  case  of  operation  with  N2 gas,  both  the  gas  pressure  and  the  number  of  N2 
molecules vibrationally excited increases with the gas flow rate. The reduction of the Tvib values 
with the gas flow rate for He plasmas should be related with the reduction of the number of N 2 
molecules vibrationally excited. The reduction of Tvib values for N2 plasmas may be related with the 
increment in gas pressure. Both cases are in agreement with theory.
For the Ar plasma, the increment in Tvib values as a function of the gas flow rate is related 
with the increment in the respective Trot values, and this is in agreement with predictions given by 
Eq. (3). There is also a variation of the gas pressure inside the PVC tube with the gas flow rate, but 
it is lower than the variation of Trot values.
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Figure 4: Vibrational (a) and rotational (b) temperatures in function of the gas flow rate, which is proportional to the  
gas pressure, using a PVC tube exit of 7.1 mm diameter.
The behavior of the  Tvib as a  function of the gas pressure for He and N2 plasmas are in 
agreement with that reported by Masoud  et al [Masoud2005], in which the  Tvib values decrease 
when the gas pressure increases.
The increment in Trot (or Tgas) values when the gas flow rate is increased in the case where Ar 
is used as the working gas was also observed by Moon  et al [Moon2002] using an atmospheric 
microwave-induced  plasma.  This  behavior  is  in  contrast  to  the  expected  one  because,  if  other 
parameters like the applied voltage and pulse frequency are kept constant, an increase in the gas 
flow rate usually tends to cool down a discharge due to the increase in the number of particles in the 
plasma. Some authors reported an increment in the electron density by increasing the gas flow rate 
when working with Ar gas [Moon2002,Humud2015]. This fact combined with the higher electrical 
conductivity  of  Ar  gas may  be  the  reason for  the  increment  in  Trot,  since  a  larger  number  of 
collisions between electrons and nitrogen molecules can increase the Trot and warm up the plasma.
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As we can see in Figs. 3(a) and 4(a), the higher values of Tvib were obtained using helium as 
the working gas,  and these values are  considerably higher than in the cases in which argon or 
nitrogen is used. In order to investigate the reasons for such differences, we obtained the emission 
spectrum of the plasmas formed using the three gases. The results are shown in Fig. 5.
From Fig. 5, we notice that only the plasma made using the He gas presents detectable 
molecular line emissions from N2+ ion (N2 II) at 391.4 and 427.8 nm. If we compare the intensities 
of the molecular line emissions from N2 molecule (N2 I), we observe that they are higher in the He 
plasma. Then, considering the higher Tvib values obtained with He gas, we observe that the penning 
ionization process by metastable helium plays an important role in the increment of vibrational 
excitation of N2 particles in the plasma. From Fig. 5 we can also deduce that the penning ionization 
processes associated with N2 and Ar metastables are negligible in DBD plasmas at atmospheric 
pressure, since there are no detectable line emissions from the N2+ ion in the emission spectra of the 
plasmas made with these gases. The lower Tvib values obtained for operation with Ar and N2 gases 
indicate that reaction 6 (see Table 1) does not contribute significantly to  the generation of  N4+ 
species, which are used in the reaction 10 to generate excited N2 molecules, in DBD plasmas.
Figure  5: Emission  spectra  for  plasmas  using  argon, 
helium and nitrogen as working gases..
Conclusions
According to the curves shown in Fig. 3(a) where the Tvib values decreases with increasing diameter 
of the exit of the device, if the plasma inside the reactor has less contact with the environment due 
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to the smaller size of device exit, it results in higher Tvib values. This happens regardless of which 
working gas is used to produce the plasma and, according to Eq. (3), that behavior is associated to 
the reduction of the gas pressure inside the reactor due do the increment of the exit diameter, which 
allows more N2 molecules from the environment to have contact with the primary plasma discharge.
As the curves show in Fig. 4-a, the behavior of the Tvib values as a function of the gas flow 
rate are similar – higher the flow rate, lower the Tvib values – when He or N2 are used to produce the 
plasmas, but it increases that parameter when Ar is used. All the Tvib results obtained by variation of 
the gas flow are in agreement with predictions given by Eq. (3), which confirms the validity of the 
model.
The use of helium is essential to achieve the highest  Tvib values in DBD plasmas, because 
only it has metastable states with energy high enough to ionize a large amount of N2 molecules, and 
the N2+ ions looks to be the primarily responsible for the reactions that lead to increased Tvib in the 
plasma. It is not possible to reach higher values of Tvib using argon and nitrogen gases because the 
production of N2+ ions is negligible in these cases.
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